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@ The NOx content in a flow of flue gas is reduced 
by passing the flue gas through a first treatnDent 
zone and a second treatment zone. A nitrogeneous 
treatment agent Is introduced into the first treatment 
zone for the selective non-catalytic reduction of part 
of the NOx. and the flue gas is thereafter passed 
through the second treatment zone which includes a 
catalyst for further selective catalytic reduction of the 
NOx. Optionally, a second nitrogeneous treatment 
agent is added to the flue gas in the second treat- 


ment zone. The quantity of NOx in the flue gas is 
detected intermediate the first and second treatment 
zones and. optionally, after the flue gas has left the 
second treatment zone. The quantity of ammonia in 
the flue gas exiting from the second treatment zone 
is also detected. The amounts of the treatment 
agents added to the flue gas are controlled respon- 
sive to the variations and absolute levels determined 
by these measurements. 
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BACKGROUND OF THE INVENTION 

This invention relates to the reduction of pollu- 
tants produced by boilers, and. more particularly, 
to the control of the process for reducing NOx 
pollutants in flue gas flows. 

In a fossil-fuel power plant, coal, gas, or oil is 
burned to boll water to form steam. The steam 
drives a turbine and thence an electric generator, 
producing electricity. Besides heat, the combustion 
produces gaseous pollutants such as sulfur and 
nitrogen oxides, and a solid particulate termed fly 
ash. Environmental protection laws mandate that 
the amounts of the gaseous and solid pollutants be 
maintained at acceptably low levels. The present 
invention deals with reducing and maintaining the 
smog-producing nitrogen oxides, known generally 
as NOx, within acceptable levels. 

It is known that the NOx level in flue gas is 
lowered by reacting the NOx with ammonia, to 
produce harmless nitrogen and water as reaction 
products. The reaction can occur at relatively high 
temperatures without a catalyst, or at lower tem- 
peratures In the presence of a catalyst. The former 
is known in the art as selective non-catalytic reduc- 
tion -(SNCR), and the latter is known as selective 
'catalytic reduction (SCR). In a process modlfica- 
tion.vboth SNCR and SCR may be performed si- 
rnultaneously on the same .flue gas stream. The 
'SnCR is accomplished in a first zone shortly after 
the hot flue gas leaves the furnace, and the SCR in 
a second zone through which the cooler flue gas 
' 'Subsequently passes. 

Ammonia must be present for both SNCR and 
SCR reactions to occur. Since providing a sufficient 
amount of gaseous or liquid ammonia for both 
reactions is expensive, the required ammonia mol- 
ecules may be provided by introducing a nitroge- 
nous compound such as urea into the hot flue gas 
in the first treatment zone. The urea decomposes 
at high temperatures, providing ammonia for the 
SNCR reaction. The urea is usually added in ex- 
cess of that required for the SNCR reaction, and 
the SCR helps to remove the resulting excess 
ammonia from the flue gas stream. Additional ni- 
trogenous compounds or ammonia itself can be 
added to the flue gas at the second treatment 
zone, if required to complete the SCR reaction. 

Although SNCR and SCR are generally effec- 
tive in reducing NOx content of the flue gas, the 
addition of ammonia leads to another potential 
source of pollution. If the ammonia introduced into 
the flue gas is not entirely consumed in the reac- 
tions with NOx, some ammonia remains in the flue 
gas and passes to the atmosphere, a consequence 
termed "ammonia slip". Ammonia slip is often ob- 
served in the exhaust plumes of those power plants 
that use SNCR or SCR to reduce the NOx content 


of the flue gas. 

There Is a need for some approach to achiev- 
ing reduction of NOx in flue gas to acceptably low 
limits, and also maintaining ammonia slip below the 
5 regulatory limits. The present invention fulfills this 
need, and further provides related advantages. 

SUMMARY OF THE INVENTION 

10 The present invention provides a method for 
reducing the NOx content in a flow of flue gas, and 
simultaneously maintaining the ammonia slip within 
acceptable limits. The present approach provides a 
control method that operates in an iterative manner 

75 to achieve its objectives, and can therefore adjust 
to changes in operating characteristics of the boil- 
er. Minimal modification to the power plant is re- 
quired in order to implement the approach. 

In accordance with the invention, a method of 

20 reducing NOx from a flow of flue gas produced by 
a burner comprises the steps of passing the flue 
gas through a first treatment zone, and, substan- 
tially simultaneously with said passing, selectively 
introducing a nitrogeneous treatment agent into the 

25 first treatment zone for the selective non-catalytic 
reduction of a first portion of the NO)^ fronri the flue 
gas passing through the first treatment zone, ifhe/ 
nitrogeneous treatment! agent is introduced;;:in: anr. 
excessive -amount- above that required for the, nonf.r 

30 catalytic reduction of the first portion. The nftethod ' 
further, involves passing the fliie gas, contairiin^ : 
such excessive amount ;of treatment agent, through , 
a second treatment zone which includes a catalyst ' 
therein wherein a second portion of the NOx within 

35 the flue gas is removed as a result of a reaction of 
the NOx with such excessive treatment agent in the 
presence of the catalyst. Optionally, a second 
nitrogeneous treatment agent can be introduced 
into the flue gas in the second treatment zone. The 

40 quantity of NOx in the flue gas is detected inter- 
mediate the first and second treatment zones, and, 
optionally, after the flue gas leaves the second 
treatment zone. The quantity of ammonia Is de- 
tected in the flue gas exiting from the second 

45 treatment zone. 

The quantities of the addition of the treatment 
agent and second treatment agent are varied ac- 
cording to the results of the NOx and ammonia 
measurements. The quantity of treatment agent 

50 introduced into the first treatment zone is increased 
so long as the following criteria are met: First, that 
the quantity of NOx measured between the first 
and second treatment zones, over a period of time, 
is generally decreasing with an increasing addition 

55 of the treatment agent, and, second, that the quan- 
tity of ammonia detected in the flue gas leaving the 
second treatment zone, over a period of time, is 
generally below a predetermined maximum limit. 
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The second treatment agent is Introduced into the 
flue gas so long as the following criteria are met: 
First, that the quantity of NOx measured between 
the first and second treatment zones, over a period 
of time, is not generally decreasing as a result of a s 
further addition of the treatment agent, and, sec- 
..ond, .that the quantity of ammonia detected In the 
flue gas after It leaves the second reaction zone 
(the ammonia slip), over a period of time, is gen- 
erally below a predetermined maximum limit. The w 
addition of the second treatment agent can be 
Increased as long as the quantity of NOx measured 
after the flue gas leaves the second treatment zone 
has not substantially reached a predetermined tar- 
get control point. 75 

This approach is preferably Implemented in an 
incremental, iterative control procedure that adjusts 
the addition rates of the treatment agents respon- 
sive to the measurements of the NOx and ammonia 
in the flue gas. It can be applied to various types of 20 
power plants, both as an initial Installation and as a 
retrofit to boilers to Improve their operational char- 
acteristics. Other features and advantages of the 
present invention will be apparent from the follow- 
ing more detailed description of the preferred em- 25, 
bodiment, taken In conjunction with the accom- 
panying, drawings, which Illustrate, by way of exam- . 
pie. the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 30 

Figure. 1 is a schematic drawing of a power 
plant; 

Figure 2 is a graph of NOx and ammonia con- 
centrations after the completion of SNOR as a 35 
function of added (treatment agent) urea con- 
centration, for reaction temperatures less than 
2000F; 

Figure 3 is a graph of NOx and ammonia con- 
centrations after the completion of SNOR as a 4o 
function of added (treatment agent) urea con- 
centration, for reaction temperatures of more 
than 2000F: 

Figure 4 is a graph of NOx and ammonia con- 
centrations after the completion of SCR as a 45 
function of ammonia concentration at the inlet of 

the SCR process; 

Figure 5 Is a process flow diagram for the 
control approach of the invention; and 
Figure 6 is a process flow diagram for the 50 
iterative control procedure. 

DETAILED DESCRIPTION OF THE INVENTION 

Figure 1 depicts a power plant 20 in which 55 
fossil fuel such as coal, gas, or oil Is combusted 
with air. Air is drawn into an intake 22 by a blower 
24. which forces the air along a combustion air 


conduit 26 and through an air side 28 of a 
L'jungstrom type rotary heat exchanger 30. The air 
introduced through the conduit 26 is heated during 
its passage through the heat exchanger 30. and 
flows to a furnace 32. Fuel is introduced into the 
furnace 32 from a fuel source 34. The fuel burns in 
the intake air, producing combustion products 
known as flue gas. The flue gas contains a variety 
of constituents, Including potential pollutants such 
as sulfur oxides (SOx). nitrogen oxides (NOx). and 
particulate matter resulting from combustion. The 
flue gas passes into a boiler 36 and through a 
steam generator 38, In the steam generator, water 
is vaporized to steam, which flows to a turbine 40. 
The turbine 40 is connected to an electrical gener- 
ator that produces electrical power, the desirable 
product of the power plant 20. 

The flue gas flows through a hot gas conduit 
42 and into a flue gas side 44 of the heat ex- 
changer 30. Heat transfer elements in the heat 
exchanger 30 are heated by the hot gas, and 
thereafter are rotated to the air side to transfer their 
heat to the combustion air in the combustion air 
conduit 26. After passing through the heat ex- 
changer 30, the cooler flue gas enters a particulate 
collector, 46, which typically is an electrostatic ^ A^i 
precipitator.^ The flue^gas, from which most of- the va. /. v 
particulate is removed, is forcedrby a blower 48.uppr 
^; an e)^haust stack 50 and to; the atmosphere. . 

}The preceding discussion has provided a gen- :) v- ^ 
' eralf description of a powen plant.- Many aspects not 
relevant to the present invention have been omitted 'r. ; 
from the discussion. The present Invention may 
also be used with other configurations of power 
plant, and Figure 1 depicts only the preferred set- 
ting for practice of the invention. 

A nitrogenous treatment agent, preferably urea, 
Is injected into the hot flue gas in the boiler 36 
from a treatment agent source 51 . In the hot flue 
gas, the urea decomposes to produce ammonia. 
The ammonia in turn reacts with NOx in the flue 
gas by selective non-catalytic reduction (SNCR). 
This reaction consumes NOx and ammonia and 
produces nitrogen gas and water. The SNCR reac- 
tion occurs over a wide temperature range, but Is 
preferably conducted at a temperature of from 
about 1600F to about 2000F as the flue gas flows 
along the hot gas conduit 42. 

SNCR can reduce the NOx content only as far 
as permitted by the equilibrium conditions and the 
kinetics of the reaction. The ability to introduce 
large amounts of ammonia into the flue gas stream 
to Increase the consumption of NOx by SNCR is 
also limited by ammonia slip, which is the passage 
of unreacted ammonia to the stack gas and thence 
to the environment. Ammonia Is a toxic regulated 
substance, and it cannot be added in ever-Increas- 
ing amounts to the flue gas for the purpose of 
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SNCR, because a fraction of the added ammonia 
reaches the environment as a pollutant. 

Within the ammonia emission limits imposed 
by ammonia slip, the NOx content of the flue gas is 
higher than desired after the SNCR reaction oc- 
curs. Additional NOx can therefore be removed by 
selective catalytic reduction (SCR). To accomplish 
SCR, the mixture of ammonia and flue gas is 
passed over a catalyst, which catalyzes the reac- 
tion between NOx and ammonia further toward 
completion at lower temperatures than for the 
SNCR. The SCR is preferably conducted at a tem- 
perature of from about 300F to about 950F in the 
presence of a material operable to catalyze the 
reaction of NOx and ammonia, preferably vanadia, 
tungsten, zeolite, noble metals, or transition metals. 
The catalyst is supported in a fixed catalyst bed 
52. In order to gain more surface area for the 
catalyst, it may also be applied to hot-end heat 
transfer elements 54 of the rotary heat exchanger 
30. For SNCR the urea is usually required In quan- 
tities in an excess to the stoichiometric ratio in 
relation to ammonia, so that some unreacted am- 
monia remains for the SCR reaction. A second 
treatment agent, preferably ammonia in gaseous, 
form, may^ be injected from a source 56 into the; ^ 
flowing flue gas just upstream of the catalyst bed ^ 
52. The SCR results in the reaction of the ammonid .^ 
and NOx in the flue gas so as to reduce both to 
' acceptably low levels, v / -^ 

As is now apparent, the concentrations of NOx :' 
and ammonia lost from the SNCR are interrelated 
to the urea addition. As shown in Figure 2, in the 
temperature range of less than 2000F the NOx 
content decreases monotonically with increasing 
urea addition, while the ammonia slip increases 
with increasing urea addition. As shown in Figure 3, 
at higher temperatures the NOx reaches a mini- 
mum value and then increases, with increasing 
urea additions. 

Similarly, the concentrations of NOx and am- 
monia slip from the SCR are related to the ammo- 
nia concentration at the inlet of the SCR process. 
As shown in Figure 4, the NOx content decreases 
monotonically with increasing ammonia concentra- 
tion at the inlet of the SCR process, while the 
ammonia slip increases. The observations of Fig- 
ures 2-4 are useful in designing the control strat- 
egy for the combined use of SCR and SNCR. 

The portion of the boiler 36 and hot gas con- 
duit 42 having the proper temperature for SNCR. 
and in which the treatment agent is introduced, is 
termed a first treatment zone 58. The portion of the 
hot gas path having the catalyst in the flue gas 
stream, and in which the second treatment agent (if 
any) Is introduced, is termed a second treatment 
zone 60. The second treatment zone 60 may be 
considered as having two subzones, one having the 


fixed bed catalyst 52 and the other having the 
catalyst supported on the heat transfer elements of 
the heat exchanger 30. 

According to the present invention, detectors 

5 are provided to monitor the flue gas composition at 
several locations. A first NOx detector 62 is posi- 
tioned in the hot gas conduit 42 upstream of the 
second treatment zone 60, and preferably between 
the first treatment zone 58 and the second treat- 

10 ment zone 60. The detector 60 senses the con- 
centration and thence quantity of NOx in the flue 
gas stream at this point. An ammonia detector 64 
is positioned in the hot gas conduit 42 downstream 
of the second treatment zone 60. Figure 1 shows 

75 the detector 64 immediately downstream of the 
zone 60, but it could be farther downstream as far 
as the exhaust stack 50. The detector 64 senses 
the concentration and thence the quantity of am- 
monia in the flue gas stream after It has left the 

20 second treatment zone 60. This figure is termed 
the "ammonia slip". Optionally, a second NOx de- 
tector 66 is positioned downstream of the second 
treatment zone 60 in the hot gas conduit 42 or the 
stack 50. The detector 66 senses the concentration 

25 and thence the quantity of NOx in the flue, gas 
stream , after it has 'left the; second treatment. zone - 
.^60. / r-.'- ■ / ' • 

Instrumentation for use' as the detectors 62, 64; 

.'■and 66 is available' commercially: The NOx detec-'- 
30 - tors 62 and 66, as well as the ammonia detector; 

I .64, are preferably the Model 6000 emission mdni-., 
.. tutoring system tmade; by Air Instrument Measure--: 
ments, Inc. 

Control of the NOx reduction in the flue gas is 

35 achieved by using the results measured by the 
detectors 62, 64. and 66 to control the flows of 
treatment agents from the sources 51 and 56. 
Additionally, Information on the amount of fuel con- 
sumed, termed the boiler load, and the combustion 

40 temperature, are provided. The analysis of the re- 
sults of the detectors and the control of the sources 
is accomplished by a controller 68. The controller 
68 preferably includes a microcomputer pro- 
grammed to follow the control procedures dis- 

45 cussed next. 

Figure 5 depicts the process for removing NOx 
from the flow of flue gas. The flue gas is passed 
through the first treatment zone 58, numeral 70. 
The treatment agent, preferably urea, is Introduced 

50 into the first treatment zone 58 to mix with the flue 
gas, numeral 72. The NOx In the flue gas then 
undergoes SNCR by reaction with the treatment 
agent. The flue gas. with a reduced NOx content, 
passes through the second treatment zone 60 to 

55 undergo SCR, numeral 74. Optionally, a second 
treatment agent, preferably ammonia, is added at 
the upstream end of the second treatment zone 60, 
numeral 74. The NOx content of the flue gas is 
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detected by detector 62 between the first treatment 
zone 58 and the second treatment zone 60, nu- 
meral 76. The ammonia slip of the flue gas is 
detected by detector 64 after the flue gas leaves 
the second treatment zone 60. numeral 78. In this 5 
preferred embodiment, the NOx content of the flue 
gas is detected by. detector 66 after the flue gas 
leaves the second treatment zone 60, numeral 80. 

The measured values of the detectors 62. 64, 
and 66 are provided to the controller 68, and the io 
changes in the flow rates of the treatment agents 
are determined, numeral 80. The details of the 
procedure are described subsequently in relation to 
Figures 2-4, but in general, the procedures are as 
follows. The quantity of urea added to the first ?6 
treatment zone 58 is increased, so long as the 
following criteria are met: First, the quantity of NOx 
measured by detector 62, over a period of time, is 
generally decreasing with Increasing additions of 
the treatment agent (i.e., a negative slope of the 20 
NOx-urea curve of Figure 2 or Figure 3), and. 
second, the quantity of ammonia measured at the 
detector 64, over a period of time, is generally 
below a predetermined maximum limit. On the oth- 
er hand. If the quantity of NOx measured by detec- 25 
•|?pr--^2^^weii^^a^^^ time, is generally increas- \::-\ 
^ing with- increasing' additions of thO: first treaiinent 
agent:0:e.; :a positive slope Jn the NOx-urea curve ?*• 
/of Figure 3),v the. urea addi^^^ . , 

-.!Amcn6riia:^.is added toi^ flue gas from source 30 
^56, * so ^long ?a's the following < criteria are:^being i met: ; ' : i 
.Firsts the: quantity of NOx measured at detector 62, 
over a fieribd' of time, is not generally decreasing 
with increasing additions of the treatment agent, 
and, second, the quantity of ammonia measured at 35 
detector 64, over a period of time, is generally, 
below a predetermined maximum limit. The addi- 
tion of the second treatment agent is increased as 
long as the quantity of NOx measured at detector 
66, over a period of time, has not substantially 4o 
reached (i.e., is greater than) a predetermined tar- 
get control point. After these determinations have 
been made, the first treatment agent flow rate is 
responsively varied by controlling the source of the 
treatment agent 51. numeral 84, and the ammonia 45 
flow rate (if any) is responsively varied by control- 
ling the ammonia source 56, numeral 86. 

Figure 6 depicts one procedure that may be 
used by the controller 68 in performing the deter- 
minations Indicated at numeral 82, and the relation 50 
of these determinations to the determinations of 
gas content 62. 64, and 66, and the varying of the 
treatment agent, here urea 84, and ammonia 86. In 
general, this procedure provides that the treatment 
agent is added to the maximum extent possible, 55 
and changes in the addition of the treatment agent 
are the primary controlled quantity. The system 
performance is then trimmed with additions of the 


second treatment agent, if needed and pemnitted 
by the circumstances. 

In this process, the boiler load is checked, 
numeral 100, and the combustion temperature is 
checked, numeral 102. If either is not stable, i.e., if 
either has changed since the last check, a FLAG is 
set to .1, numeral 104, to indicate that the selective 
noncatalytic reduction process must first be op- 
timized. Otherwise, the FLAG remains as it was. In 
each case, readings are then taken from the detec- 
tor 62 and the detector 64. The ammonia slip of 
the stack gas as measured by detector 64 is com- 
pared with a preestablished regulatory limit, nu- 
meral 106. If the ammonia slip is below the limit, 
the stack NOx content is measured, numeral 66. If 
the ammonia slip is not below the limit, a variable 
STEP which indicates the next change in a flow 
rate Is set to a negative value, numeral 108. If the 
path through the NOx measurement, numeral 66 is 
followed, the stack NOx content is compared with a 
preestablished goal, numeral 110. If the stack NOx 
content as measured by detector 66 is less than 
the goal, the process proceeds to the setting of 
STEP to a negative value, numeral 108. 

All paths pass through a check of the FLAG, 
. numeral 114.' If FLAG^i;s:1,; a p^eestablished:iWaitihg^ 
time after a change in :thejflow:pte of the treaitmerit^i 
••^gent is checked;; nuirieral: 116, and the change in& 
the NOx.content at detector 62 after a waitttime is^^^ 
^checked. numeraM18i::The slope of the curve ofv' 
NOx as.a function^of |low?rate :pf Ihe first treatment 
agent is therebjjrci evaluated. If the slope^js^fhbt^ 
between two preselected control points," the dl^ec-"- 
tion of the variation in the urea flow rate 51 (the 
previously established value of STEP) is selected, 
numeral 122, and the urea flow rate is varied, 
numeral 84. In the case where the slope is less 
than the lower preselected control point. STEP is 
set positive. If the slope is higher than the upper 
preselected control point, STEP is set negative. If 
the slope is between the two preselected control 
points, FLAG is set equal to zero, numeral 124, and 
a change in the ammonia flow rate 56 Is Initiated, 
numeral 126. After waiting a preselected amount of 
time, numeral 128, the ammonia flow rate change 
is implemented, numeral 86. 

If FLAG is found to be zero at numeral 114, the 
process skips directly to numeral 128. 

This entire control procedure then repeats con- 
tinuously, controlling the urea and ammonia injec- 
tion rates so that the NOx and ammonia are within 
established limits. 

The approach of the invention provides a pro- 
cess for controlling the reduction of NOx in flue 
gas, while avoiding ammonia slip above estab- 
lished limits. It is usable on a variety of power 
plants and other combustion devices. Although a 
particular embodiment of the invention has been 
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described in detail for purposes of illustration, var- 
ious modifications may be made without departing 
from the spirit and scope of the invention. Accord- 
ingly, the invention is not to be limited except as 
by the appended claims. 

Claims 

1. A method of reducing NOx from a flow of flue 
gas produced by a bumer. comprising the 
steps of: 

passing the flue gas through a first treat- 
ment zone; 

substantially simultaneously with said 
passing, selectively Introducing a nitrogeneous 
treatment agent into the first treatment zone for 
the selective non-catalytic reduction of a first 
portion of the NOx from the flue gas passing 
through the first treatment zone, said introduc- 
ing including an excessive amount of such 
nitrogeneous treatment agent above that re- 
quired for such non-catalytic reduction of the 
first portion; 

passing the flue gas, containing such ex- 
cessive amount of the nitrogeneous treatment 
agent, through a second treatment zone which* 
■includes a catalyst therein, wherein .a second 
• portion of the NOx within the flue gas is re?, 
-imoved therefrom as a result of a reaction 
thereof with such nitrogeneous treatment agent 
or its derivatives in the presence of the cata- 
lyst; • . : 

detecting the quantity of NOx in the flue 
gas intermediate the first and second treatment 
zones; 

detecting the quantity of ammonia in the 
flue gas exiting from the second treatment 
zone; 

Increasing the quantity of nitrogeneous 
treatment agent introduced into the first treat- 
ment zone in response to said first and second 
mentioned detecting, so long as the following 
criteria are being met, 

A. the quantity of NOx indicated at said first 
mentioned detecting is generally decreasing 
with an increasing addition of the nitroge- 
neous treatment agent, and 

B. the quantity of ammonia detected at said 
second mentioned detecting is generally 
below a predetermined maximum limit. 

2. A method as specified in claim 1 , wherein the 
nitrogeneous treatment agent is a source of 
ammonia. 

3. A method as specified in claim 1 , wherein the 
nitrogeneous treatment agent is urea. 


4. A method as specified in claim 1 , wherein the 
steps of detecting are conducted substantially 
continuously. 

5 5. A method as specified in claim 1 , including the 
additional step of 

detecting the quantity of NOx in the flue 
gas exiting from the second treatment zone, 
said continuously increasing is in response to 
10 said last mentioned detecting, in addition to 

said first and second mentioned detecting, and 
said criteria to be met also include, 

C. the quantity of NOx indicated at said last 
mentioned detecting has not substantially 
75 reached a predetermined target point. 

6. A method as specified in claim 1, including the 
additional step of 

introducing a second nitrogeneous treat- 
20 ment agent into the flue gas, said last men- 

tioned introducing being downstream of the 
first treatment zone, and within or upstream of 
the second treatment zone. 

26 . 7. A method as specified in claim 6, wherein the . 

second nitrogeneous treatment agent iS'^.a-n:. > vt;'; . ' 
V y'v^i source of ammonia. . . - : ;:; : : 

r- - .:. s : \ ■ • ; • . . p. ■^■i- K - • > % 

i8. . A method as specified in claim 6, wherein the. " ' ' | 
30 second nitrogeneous treatment agent is ammo-;, :^ . : n .ir 49 

i nia: t ^" • • ' fV-jjU ^-r • ru ^ 

iv ■ : J. ' • . ;v." ,• / ■ 

9. * A method of reducing NOx from a flow of flue 
gas produced by a burner, comprising the 
35 steps of: 

passing the flue gas through a first treat- 
ment zone; 

substantially simultaneously with said 
passing, selectively introducing a nitrogeneous 
40 treatment agent into the first treatment zone for 

the selective non-catalytic reduction of a first 
portion of the NOx from the flue gas passing 
through the first treatment zone, said Introduc- 
ing including an excessive amount of such 
45 nitrogeneous treatment agent above that re- 

quired for such non-catalytic reduction of the 
first portion; 

passing the flue gas, containing such ex- 
cessive amount of nitrogeneous treatment 
50 agent, through a second treatment zone which 

includes a catalyst therein, wherein a second 
portion of the NOx within the flue gas is re- 
moved therefrom as a result of a reaction 
thereof with such excessive nitrogeneous treat- 
55 ment agent in the presence of the catalyst; 

detecting the quantity of NOx in the flue 
gas intermediate the first and second treatment 
zones; 
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detecting the quantity of ammonia in the 
flue gas exiting from the second treatment 
zone; 

varying the treatment of the flue gas ac- 
cording to the steps of 

(i) increasing the quantity of nitrogeneous 
treatment agent introduced into the first 
treatment zone in response to said first and 
second mentioned detecting, so long as the 
following criteria are being met, 

A1. the quantity of NOx indicated at said 
first mentioned detecting is generally de- 
creasing with an increasing addition of 
the nitrogeneous treatment agent, and 
B1. the quantity of ammonia detected at 
said second mentioned detecting is gen- 
erally below a predetermined maximum 
limit, 

(ii) selectively introducing a second nitroge- 
neous treatment agent into the flue gas. 
said last mentioned introducing being down- 
stream of the first treatment zone and within 
the second treatment zone, so long as the 
following criteria are being met, 
A2., the quantity of ..NOx Indicated at said 
first: mentioned detecting is not generally 

.t decreasing with an v;increasing.'' addition; of 
^"■^ thetnitrbjgeneous treatment agent; arid > - 
v.. B2vi th^, quantity of ammonia . detected? at 
' said second mentioned . detecting • is gen- 
erally below, a- predetermined maximumMim- 

10. A method as specified in claim 9, including the 
additional step of 

detecting the quantity of NOx in the flue 
gas exiting from the second treatment zone, 
said continuously increasing is in response to 
said last mentioned detecting, in addition to 
said first and second mentioned detecting, and 
said criteria to be met also include, 

CI. the quantity of NOx indicated at said 
last mentioned detecting has not substan- 
tially reached a predetermined target point. 

11. A method as specified in claim 9, including the 
additional step of 

detecting the quantity of NOx in the flue 
gas exiting from the second treatment zone 
and, in response to such last mentioned de- 
tecting In addition to said first and second 
mentioned detecting, increasing the amount of 
second nitrogeneous treatment agent intro- 
duced so long as said criteria to be met further 
includes 

C2. the quantity of NOx detected at said 
last mentioned detecting has not substan- 
tially reached a predetermined target control 


10 


15 


20 


25 


point. 

12. A method as specified in claim 9, wherein said 
second treatment zone includes at least two 
subzones therein, 

the first such subzone including a fixed 
catalyst therein, and 

the second subzone Including a heat ex- 
changer having at least some catalyst-coated 
heat transfer elements disposed within the flow 
path of the flue gas stream. 

13. A method as specified in claim 12, wherein 
said first subzone is upstream of the second 
subzone. 

14. A method as specified in claim 12 wherein 
said last mentioned introducing is upstream of 
the second subzone. 

15. A method as specified in claim 12 wherein the 
second nitrogeneous treatment agent is intro- 
duced at a location substantially adjacent to 
the entry end of the flue gas stream into the 
. first subzone. 


30 


35 


40 


50 


55 


r .16. .A^method as specified iniclaim 1 2., wherein the ^riiou ;;r : 
.V V . iheatt exchangerj;:ls a? recuperative: heatv.ex-^i>;j 
■ M' '^changer^; -vv : a-i -^^ - f ■ i^,;-.^^-- 

^i7. !: AOriethod* as speeifiediin ,claim.12rwherein thej;;;i^r 
heat: exchanger Ms *a regenerative, heat ex-K.., 
changer;' 

18. A method as specified in claim 12, wherein the 
heat exchanger Is a rotary wheel heat ex- 
changer. 

19- A method as specified in claim 10 wherein 
said second treatment zone includes at least 
two subzones therein, the first such subzone 
including a fixed catalyst therein and the sec- 
ond subzone includes catalyst-coated heat 
transfer elements carried on the fixed internal 
hub of a regenerative air heater which is in 
communication with a duct assembly which 
directs the flue gas therethrough. 

20. A method as specified in claim 9, wherein the 
temperature of the flue gas in the first treat- 
ment zone is from about 1600F to about 
2000F. 

21. A method as specified in claim 9, wherein the 
temperature of the flue gas in the second 
treatment zone is from about 300F to about 
950F. 
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22. A method of reducing NOx from a flow of flue 
gas produced by a burner, comprising the 
steps of: 

passing the flue gas through a first treat- 
ment zone: 

substantially simultaneously with said 
passing, selectively introducing a nitrogeneous 
treatment agent into the first treatment zone for 
the selective non-catalytic reduction of a first 
portion of the NOx from the flue gas passing 
through the first treatment zone, said introduc- 
ing including an excessive amount of such 
nitrogeneous treatment agent above that re- 
quired for such non-catalytic reduction of the 
first portion; 

passing the flue gas, containing such ex- 
cessive amount of the nitrogeneous treatment 
agent, through a second treatment zone which 
includes a catalyst therein, wherein a second 
portion of the NOx within the flue gas is re- 
moved therefrom as a result of a reaction 
thereof with such nitrogeneous treatment agent 
or its derivatives in the presence of the cata- 
lyst; 

detecting the quantity of NOx in the flue 
gas intermediate the first, and second treatment 
./zonesj.. v - 

detecting the quantity of ammonia in the 
' flue gas exiting -from the •second treatmerit . 
•^zone; j J- i- ■ '. 

varying the quantity of nitrogeneous treat- 
ment agent introduced into the first treatment 
zone in response to said first and second 
mentioned detecting, by 

increasing the quantity of nitrogeneous 
treatment agent added so long as the following 
criteria are being met, 

A1. the slope of NOx with increasing addi- 
tion of the treatment agent at said first men- 
tioned detecting is generally negative, and 
B1. the quantity of ammonia detected at 
said second mentioned detecting is gen- 
erally below a predetermined maximum lim- 
it, and 

by decreasing the quantity of nitroge- . 
neous treatment agent so long as the fol- 
lowing criterion is met, 
CI. the slope of NOx with increasing addi- 
tion of the treatment agent at said first men- 
tioned detecting is generally positive; and 

selectively introducing a second 
nitrogeneous treatment agent into the flue 
gas, said last mentioned introducing being 
downstream of the first treatment zone and 
no later than the entry of the flue gas into 
the second treatment zone, so long as the 
following criteria are being met. 


A2. the slope of NOx with increasing addi- 
tion of the treatment agent at said first men- 
tioned detecting is not generally negative, 

and 

5 B2. the quantity of ammonia detected at 

said second mentioned detecting is gen- 
erally below a predetenmined maximum lim- 
it. 

70 23. A method as specified in claim 22, including 
the additional step of 

detecting the quantity of NOx in the flue 
gas exiting from the second treatment zone, 
said continuously increasing is in response to 
75 said last mentioned detecting, in addition to 

said first and second mentioned detecting, and 
said criteria to be met also include. 

D1. the quantity of NOx Indicated at said 
last mentioned detecting has not substan- 
20 tially reached a predetermined target point. 

24. A method as specified in claim 22, including 
the additional step of 

detecting the quantity of NOx in the flue 
25 gas exiting from the second treatment zone 

and, in response to such last mentioned de- 
tecting In addition to said first and second, 
mentioned detecting, increasing the amount of 
second nitrogeneous treatment agent intro-. 
30 . " duced. so long as said criteria to be met further . 
includes ■ . > ■ .-^ 4 

02, the quantity of NOx detected at said 
last mentioned detecting has not substan- 
tially reached a predetermined target control 
35 point. 

25. A method of reducing NOx from a flow of flue 
gas produced by a burner, comprising the 
steps of: 

40 passing the flue gas through a first treat- 

ment zone and thereafter through a second 
treatment zone which includes a catalyst for 
the selective catalytic reduction of NOx in the 
flue gas; 

45 controllably introducing a flow of a nitroge- 

neous treatment agent into the first treatment 
zone for the selective non-catalytic reduction of 
the NOx in the flue gas passing through the 
first treatment zone, the nitrogeneous treat- 
so ment agent being introduced at a flow rate so 
as to minimize the quantity of NOx in the flue 
gas intermediate the first and second treatment 
zones, subject to the constraint that the quan- 
tity of ammonia in the flue gas exiting from the 
55 second treatment zone remain below a 
preselected value; and 

controllably introducing a flow of a second 
nitrogeneous treatment agent into the flue gas 
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at a location between the two treatment zones, 
the second nitrogeneous treatment agent being 
introduced at a flow rate so as to further de- 
crease the quantity of NOx In the flue gas 
exiting from the second treatment zone, sub- 
ject to the constraint that the quantity of am- 
monia In the flue gas exiting from the second 
treatment zone remain below the preselected 
value. 
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26. A method as specified in claim 25, wherein the 
steps of controllably introducing a flow of a 
nitrogeneous treatment agent and controllably 
introducing a flow of a second nitrogeneous 
treatment agent are implemented increment- is 
ally, so that the flow rate of the nitrogeneous 
treatment agent is determined prior to the de- 
termination of the flow rate of the second 
nitrogeneous treatment agent. 

20 

27, A method as specified in claim 25. including 
the additional step, after the step of control- 
lably introducing a flow of a second nitroge- 
neous treatment agent, of 

incrementally repeating the steps of con-. 25 
trbllably introducing v.a flow vof a^ nitrogeneous 
treatment agent and; controllably: introducing a; t. 
flow of a second nitrogeneous treatment-agentif. :iy 
^ .■ -p. -.iferij r^.. 

iv;,-- ' -r .^30 


35 


40 


45 


50 
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